The brain of mammalian hibernators is naturally protected. Hibernating ground squirrels undergo rapid and extreme changes in body temperature and brain perfusion as they cycle between lengthy torpor bouts and brief periods of euthermia called interbout arousals (IBAs). Arousal from torpor to IBA occurs rapidly, but there is no evidence of brain injury accompanying this extreme physiological transition. Production of the hormone melatonin accompanies arousal, suggesting that it plays a protective role at this time. Here, we investigated mechanisms of melatonin receptormediated protection in the brain of the hibernating ground squirrel. We administered the competitive melatonin receptor antagonist luzindole (30 mg/kg ip) to ground squirrels at the predicted end of a torpor bout, triggering an arousal. We found that luzindole-treated animals exhibited caspase-3 activity two times higher than vehicletreated animals in the hypothalamus at midarousal (P ϭ 0.01), suggesting that melatonin receptor signaling is important for protection in this brain region. We also found a 30% decline in succinatefueled mitochondrial respiration in luzindole-treated animals compared with vehicle-treated animals (P ϭ 0.019), suggesting that melatonin receptor signaling is important for optimal mitochondrial function during arousal from torpor. The mitochondrial effects of luzindole treatment were seen only during the hibernation season, indicating that this effect is specifically important for arousal from torpor. These data provide evidence for the protective role of melatonin receptor signaling during the extreme physiological transition that occurs when a hibernating mammal arouses from torpor and provide further evidence for regional and seasonal changes in the hibernator brain.
HIBERNATION PROVIDES A UNIQUE opportunity to study naturally occurring neuroprotection. During deep hibernation periods called torpor bouts, thirteen-lined ground squirrels have near-freezing body temperatures and their cerebral blood flow (CBF) is reduced to ϳ10% of the active rate (13) . The level of brain perfusion measured in torpor would be ischemic in humans and nonhibernators, resulting in serious injury after only a few minutes (19) ; however, no evidence of brain damage was observed in the brains of torpid animals (13) . In addition to undergoing the extreme physiological changes associated with torpor, ground squirrels also rapidly return to euthermia for short (Ͻ1 day) interbout arousals (IBAs) throughout the hibernation season, where their CBF returns to 100% (7) . The arousal from torpor to IBA occurs rapidly, in an average of just 2.8 h (15) . Reperfusion after an ischemic event can be extremely damaging (3), but again, no evidence of brain damage was observed in ground squirrel brains during IBA (13) .
Mammals arousing from hibernation and daily torpor produce the hormone melatonin (12, 17, 33) . The timing of the increase in circulating melatonin suggests that it could be playing a protective role during this extreme physiological transition (34) . Melatonin, in addition to its importance in seasonal and daily rhythms, is known to be protective, both as an antioxidant and through receptor-mediated mechanisms (22, 41) . Melatonin is also a key component of a hibernation-based therapy for profound blood loss and hemorrhagic shock (16) . Melatonin receptor signaling has been shown to provide protection by increasing survival signaling (40) , decreasing apoptotic signaling (25) , and protecting mitochondria (9, 24) . Melatonin can freely pass through the blood brain barrier (27) and is an excellent candidate for protection during arousal from torpor, particularly in the brain. Additionally, melatonin levels in the cerebral spinal fluid are known to be substantially higher than in the serum, further supporting a protective role of melatonin in the brain (28) . Melatonin receptors are found throughout the mammalian brain and are notably present in the suprachiasmatic nucleus of the hypothalamus in nearly all mammals studied, including ground squirrels (5, 38) . The hypothalamus maintains some activity throughout the physiological extremes of hibernation (6) and is thought to be very important for the control and timing of hibernation. Thus this region could be an important target for protection during arousal.
The ground squirrel brain is naturally protected during hibernation through a variety of adaptations and mechanisms (10) . Previous transcriptomic work investigating seasonal gene expression in the hypothalamus of the thirteen-lined ground squirrel showed that neuroprotective signaling pathway components, including signal transducers and activators of transcription 3 (STAT3), were significantly increased during torpor and IBA (30) . Additionally, there is evidence of antiapoptotic signaling during hibernation in the brain (29) . Hibernating ground squirrels have even been shown to be resistant to brain damage from an unnatural source of injury (43) . Here, we investigated the protective effect of melatonin receptor signaling in the thirteen-lined ground squirrel brain by administering luzindole, a competitive melatonin receptor antagonist, upon arousal from torpor, when circulating melatonin levels rise naturally. The rapid and extreme transition in CBF from torpor to IBA is arguably ischemia-reperfusion like; however, the hibernator exhibits no evidence of brain damage (13) . This study purposefully manipulates a natural system known to have endogenous protective mechanisms, with the goal of gaining some insight into the control of natural neuroprotection.
METHODS

Animals
Forty thirteen-lined ground squirrels (Ictidomys tridecemlineatus) of both sexes (26 female, 14 male) were used in these experiments. The ages of these animals are not known because they were wild caught. This species is abundant and unprotected in Minnesota where they are known to damage agricultural crops (http://www.dnr.state. mn.us/mammals/thirteenlinedgroundsquirrel.html). The squirrels were live trapped in midsummer on private property with permission near Paynesville, MN by slowly pouring water into burrows and capturing the animal in a net when it emerges.
Three sets of animals were used for these experiments: Hibernating TR (n ϭ 20; 10 luzindole and 10 vehicle), Hibernating MT (n ϭ 10; 5 luzindole and 5 vehicle), and Summer MT (n ϭ 10; 5 luzindole and 5 vehicle). Hibernating TR squirrels were implanted with transmitters to determine if luzindole administration had any effect on the physiological parameters of arousal from torpor. Individual brain regions were collected from this group for molecular assays. Hibernating MT and Summer MT squirrels were subjected to the same experimental protocol in winter hibernation and active summer, respectively, and brain mitochondria were isolated for respiration and membrane potential assays. Each of the three sets of animals consisted of one group that was administered luzindole and one group that was administered vehicle only. All animals were housed individually in the Association for Assessment and Accreditation of Laboratory Animal Care-accredited Animal Care Facility located in the University of Minnesota Duluth Medical School. Squirrels were kept at 21°C in a 12:12-h light-dark cycle (light period is from 7 AM to 7 PM) from their summer capture through October. During this time, they were provided with Purina rat chow and water ad libitum. From November through their experimental endpoint in mid-January to early February, the squirrels were housed in an environmental chamber and kept in hibernation conditions: constant darkness, 5-7°C ambient temperature, and no food was provided. The hibernation cycles of all animals were tracked daily using the sawdust method (23) or via implanted transmitters (see Transmitter Implantation, Monitoring, and Analysis). The Summer MT animals were wild caught in mid-May, so they did not undergo hibernation in the laboratory. The Summer MT animals were kept in captivity for ϳ1 mo before the beginning of the experimental protocol. All experimental procedures were approved by the University of Minnesota Institutional Animal Care and Use Committee (Protocols 1103A97712 and 1111A06488).
Transmitter Implantation, Monitoring, and Analysis
The Hibernating TR ground squirrels were implanted with transmitters (PhysioTel CTA-F40; DataSciences International, St. Paul, MN) during the summer before the hibernation season. The animals were anesthetized with isoflurane in medical grade air administered by a nose cone. Anesthesia was verified before the start of the procedure and periodically throughout. The areas of incision (the ventral abdomen and neck) were shaved on an adjacent separate counter to maintain an aseptic environment. These areas were cleaned and disinfected with betadine and 70% ethanol. The transmitter was inserted intraperitoneally into a small incision on top of the intestines. The two leads were tunneled subcutaneously to their positions in the intercostal and pectoral muscles and secured in place with suture. The abdominal wall was sutured to hold the transmitter in place, and all the incisions were closed with staples. The animal was monitored for a week postsurgery. The staples were removed after 2 wk.
When hooked up to a receiver, the transmitters continually track and record core body temperature, electrocardiograms (ECGs), and activity level via the Dataquest A.R.T. acquisition software (DataSciences International). All physiological data were viewed and analyzed using Dataquest A.R.T. analysis software (DataSciences International). Heart rate was calculated from the ECG trace. The start of an arousal was determined as previously described (15) , when the body temperature increased at least 0.1°C over 10 min and the average heart rate increased by at least 1 beat/min over 10 min. Eight animals were monitored on receivers simultaneously in real time. The remaining animals were monitored via the sawdust method to track occurrence of IBAs and transferred to receivers for the experimental protocol. Additionally, each animal was monitored and recorded for at least one full natural IBA before the experimental procedure to facilitate comparison of natural and experimental arousals.
Drug
The competitive melatonin receptor antagonist luzindole (Tocris Bioscience, Bristol, UK) was dissolved in 100% ethanol vehicle. Luzindole is a competitive antagonist for both the MT1 and MT2 melatonin receptors (11) . Luzindole administered to hibernating animals was kept on ice to closely match the torpor body temperature of the animals. Luzindole administered to summer animals was kept at room temperature. Vehicle-treated animals served as the control and received 100% ethanol vehicle only. All animals in all groups were treated with either luzindole or vehicle in the morning, ranging from 8 AM to 12 PM.
Experimental Design
For the hibernating groups (Hibernating TR and Hibernating MT ), animals were monitored throughout the hibernation season until their average torpor bout lengths were at least a week long. Using previous torpor bout lengths as a guide, we targeted animals toward the end of a torpor bout for drug administration (Fig. 1A) . Each animal was weighed and verified as torpid either via rectal body temperature (Hibernating MT ) or transmitter output (Hibernating TR ). For the Summer MT group, animals were lightly anesthetized with isoflurane before they were weighed and rectal body temperature was taken. All animals were administered 30 mg/kg luzindole or equivalent volume of vehicle intraperitoneally during a time window of 8 AM to 12 PM. It is important to note that the hibernating groups (Hibernating TR and Hibernating MT ) were in constant darkness during this time, but this timeframe translates to ϳ1-5 h after lights on for the Summer MT animals. The squirrels were then returned to their home cage for undisturbed arousal. The Hibernating TR squirrels were tracked via transmitter output to one of two experimental endpoints: midarousal (transmitter output T b ϭ 20°C, luzindole-20 and vehicle-20) and full-arousal (transmitter output Tb ϭ 37°C, luzindole-37 and vehicle-37; Fig. 1B) . The luzindole-20 and vehicle-20 groups averaged ϳ140 min to the 20°C endpoint, while the luzindole-37 and vehicle-37 groups averaged 200 min to the 37°C endpoint. These groups were euthanized at these respective endpoints. The Hibernating MT and Summer MT squirrels were euthanized 2 h after drug administration, which was the approximate time to midarousal with the more invasive rectal temperature reading.
Brain Dissection
All animals were fully anesthetized with isoflurane and then killed by decapitation. Rectal temperature (end T b) and body weight were taken at death for all animals. The brain was removed from the skull, and the meninges and blood vessels surrounding the brain were removed. For the Hibernating MT and Summer MT animals, the whole brain collected for mitochondrial isolation. For the Hibernating TR animals, the hypothalamus, cerebral cortex, brainstem, and hippocampus were dissected out using a rodent brain atlas as a guide. All dissections were performed on ice and the dissected brain regions were rapidly frozen in liquid nitrogen. The time from decapitation to sample freezing was Ͻ10 min. Tissues were stored at Ϫ80°C until use.
Caspase-3 Assay
A colorimetric caspase-3 assay (CASP-3-C; Sigma-Aldrich) was used to determine caspase-3 activity. This assay determines the concentration of the chromophore p-nitroaniline (pNA), which is released from the hydrolysis of the substrate acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA) by caspase-3. Protein was purified from hypothalamus, hippocampus, cerebral cortex, and brainstem of the Hibernating TR animals for this assay. Samples were homogenized in lysis buffer (50 mM HEPES, pH 7.4, 5 mM CHAPS, and 5 mM DTT) with aprotonin (6.5 g/ml; A1153; Sigma-Aldrich). Samples were then centrifuged for 20 min at 16,000 g at 4°C. The supernatant was collected and protein concentration was determined using a bicinchoninic acid assay (BCA; no. 23255; Thermo Fisher Scientific) according to the manufacturer's instructions.
For the assay, duplicate protein samples (10 g) were incubated with Ac-DEVD-pNA for 4 h. Additionally, another set of duplicate samples were treated with a caspase-3 inhibitor and run in tandem. pNA has a high absorbance at 405 nm, which was measured with a microplate reader (SpectraMax Plus 384; Molecular Devices). The concentration of the pNA released from the substrate was calculated from a pNA calibration curve (R 2 Ն 0.98). The specific pNA concentration (M) for each sample was determined by subtracting the nonspecific pNA concentration found in the inhibitor-treated samples. Caspase-3 activity was measured in four brain areas from the midarousal Hibernating TR ground squirrels (luzindole-20 and vehicle-20): cerebral cortex, hypothalamus, hippocampus, and brainstem. Additionally, caspase-3 activity was also measured in the hypothalamus for the luzindole-37 and vehicle-37 animals. The intra-assay coefficient of variation was 8.5%. The assay detection limit of activity is as low as 0.015 units/min or 15 ng caspase-3. One unit is defined as the amount of enzyme that will cleave 1 mol of the substrate per minute at pH 7.4 at 25°C.
Western Blot Analysis
The remaining luzindole-20 and vehicle-20 hypothalamus protein samples were diluted further in Laemmli sample buffer and RIPA buffer with protease inhibitors (1:1,000; P8340; Sigma-Aldrich) and phosphatase inhibitors (1:1,000; P5726, P0044; Sigma-Aldrich). Samples were then boiled at 95°C for 10 min. Ten micrograms of protein were loaded onto 10% gels for SDS-PAGE. Electrophoresis was run at 180 V until the tracking dye front ran off the gel. Proteins were then transferred onto a nitrocellulose membrane at 75 V for 3 h. The membrane was blocked in 3% BSA for 1 h and then incubated with primary antibody [anti-STAT3 (phosphoY705): 1:2,000; ab76315; Abcam; and anti-STAT3: 1:2,000; ab68153; Abcam] overnight. The membrane was incubated in secondary antibody (anti-rabbit; 1:20,000; Pierce) for 1 h. The resulting Western blots were quantified using the "Analyze gels" function in ImageJ to obtain relative densities (26) . Total protein stain with amido black was used as a loading control (2).
Mitochondrial Isolation
Mitochondrial isolation was performed on whole brains for the Hibernating MT and Summer MT animals. Isolation of mitochondria via differential centrifugation was adapted and modified from established protocols (21, 32) . Whole brain was removed from the skull and immediately rinsed in ice-cold mitochondria isolation buffer (MIB; 250 mM sucrose, 5 mM HEPES, and 1 mM EGTA, pH 7.4 at 4°C). The brain was then minced on ice and homogenized with 10 passes in 30 ml MIB ϩ 0.1% fatty acid free BSA using a rotating loose fitting Teflon pestle. The homogenate was filtered through three layers of gauze and centrifuged at 1,000 g for 10 min at 4°C. Floating lipid was aspirated from the supernatant, which was transferred to a new prechilled centrifuge tube and centrifuged at 500 g for 10 min at 4°C. Any additional floating lipid was aspirated from the supernatant, which was transferred to a new prechilled centrifuge tube and centrifuged at 10,500 g for 10 min at 4°C. The supernatant was decanted, and any lipid adhering to the tubes was carefully removed using Kimwipes. The pellet was resuspended, including the fluffy synaptosomal layer, in 30 ml ice-cold wash buffer (250 mM sucrose and 5 mM HEPES, pH 7.4 at 4°C) ϩ 0.1% fatty acid free BSA and centrifuged at 12,000 g for 10 min at 4°C. The supernatant was decanted and the mitochondrial pellet was resuspended, including the fluffy synaptomosomal layer (32), in 30 ml ice-cold wash buffer and centrifuged at 12,000 g for 10 min at 4°C. The final mitochondrial pellet was transferred to a prechilled Eppendorf tube and kept on ice until assayed (maximum 6 h).
The protein concentrations of isolated mitochondria were determined by BCA protein assay (no. 23255; Thermo Fisher Scientific) according to the manufacturer's instructions, using BSA as a standard. Mitochondrial bioenergetics analyses were performed directly after mitochondrial isolation.
Mitochondrial Respiration Rate and Membrane Potential
In vitro mitochondrial respiration rates were measured using a Clark-type oxygen electrode (Hansatech Instruments) in 0.5 ml of respiration buffer (135 mM sucrose, 65 mM KCl, 5 mM KH 2PO4, 5 mM HEPES, and 2.5 mM MgCl2, pH 7.2-7.4 at 4°C) at 25°C while undergoing constant stirring. Before the start of any measurements, the instrument was calibrated with dH 2O to ensure accurate measurements. Unless otherwise stated, all compounds were dissolved in dH 2O. Mitochondria were added in a final concentration of 0.5 mg protein/ml. Maximal flux through various segments of the electron transport system (ETS) were determined under phosphorylating (state 3) conditions with the addition of ADP (200 nM), using specific substrates and inhibitors (8) . Flux through complexes I-IV was measured using 5 mM glutamate/malate (G/M). Succinate (SUC; 5 mM) and glycerol-3-phosphate (G3P; 5 mM) were added to stimulate flux through complexes II-IV and complexes III-IV, respectively. Rotenone (2 mM, dissolved in ethanol; an ETS complex I inhibitor) was added to the mitochondrial suspension before SUC, G3P, and Asc/TMPD were introduced to prevent reverse electron flow. All substrate oxidation rates were allowed to reach both steady state 3 and steady state 4 (nonphosphorylating) respiration rates (8) . To assess the integrity of the mitochondrial inner membranes of our isolated mitochondrial fractions, we measured the respiratory control ratio (RCR). RCR is the ratio between state 3 and state 4 and is an indicator of coupling efficiency between substrate oxidation and ATP synthesis (32, 42) .
For the determination of proton leak kinetics, simultaneous measurements of oxygen consumption and membrane potential (⌬⌿ m) were required (31) . Oxygen consumption was determined by the Clark-type oxygen electrode, while membrane potential was determined by a tetraphenylphosphonium (TPP ϩ )-sensitive electrode. Initially, rotenone (2 mM) was added to inhibit complex I, and oligomycin (1 g/ml, dissolved in ethanol; an ATPase inhibitor) was added to inhibit ATP synthesis. Mitochondria were added to the chamber at a final concentration of 0.5 mg/ml at 25°C. A TPP 
external is the concentration of TPP ϩ outside of the mitochondria, and the value 0.001 represents the internal volume of the mitochondria (taken as 1.1 l/mg protein) (21) .
Because there were many different measurements performed on the mitochondrial samples, there were not always enough mitochondria to complete all of the measurements for each animal. Therefore, membrane potential was always measured first, followed by SUC-fueled respiration rates.
Data Analysis
All data are represented as means Ϯ SE. In all cases, P Ͻ 0.05 was considered statistically significant. Differences in arousal parameters, starting body temperature, ending body temperature, torpor day, and body weight in the Hibernating TR animals were determined using a one-way ANOVA and Tukey's honestly significant difference test. Differences between treatments in these same parameters in the Hibernating MT and Summer MT animals were calculated using a t-test. For the Western blot data and the caspase-3 assay, differences between treatment groups were determined with a t-test. Differences in substrate-fueled state 3 respiration rates between treatment groups (luzindole and vehicle) were compared using t-tests.
RESULTS
We examined how melatonin receptor signaling contributes to protection in the brain during arousal from torpor, by specifically examining 1) evidence of apoptotic and survival signaling, and 2) mitochondrial function and integrity, after administration of the competitive melatonin receptor antagonist luzindole at the end of a torpor bout (Fig. 1 ).
Experiment 1: Hibernating TR Ground Squirrels
Transmitter output. All Hibernating TR ground squirrels were monitored with surgically implanted transmitters that measured core body temperature and heart rate values in real time. All animals were torpid at the beginning of the experimental protocol with similar preceding torpor bout lengths ( Table 1) . The average rectal temperature for the luzindole-20 group was 15.54 Ϯ 1.49°C, for the vehicle-20 group was 17.46 Ϯ 1.82°C, for the luzindole-37 group was 34.67 Ϯ 0.55°C, and for the vehicle-37 group was 34.42 Ϯ 0.52°C (Table 1 ). The only significant differences in final body temperature were between the two experimental endpoints. After extensive analysis of arousal parameters, no significant differences in arousal timing of body temperature or heart rate were found between luzindole-and vehicle-treated animals (Fig. 2) . However, the body temperature of both luzindole-and vehicle-treated animals rose significantly faster during early arousal than their previously recorded natural IBAs (Fig. 2 , A-C, ANOVA with Tukey's honestly significance difference test). There was no significant change in how fast the heart rate increased during arousal between experimental groups and natural IBAs, although the same trend emerged, with the experimental arousal occurring faster than the arousal in natural IBA (Fig. 2, D-F) .
Caspase-3 assay. Caspase-3 activity was used as an indicator of apoptotic activity. Luzindole-treated ground squirrels had significantly higher caspase-3 activity in the hypothalamus during the midarousal endpoint (Fig. 3, t-test ; n ϭ 5; P ϭ 0.01). However, there was no longer a significant difference in this brain region at the full-arousal endpoint (Fig. 3, t-test ; n ϭ 5; P ϭ 0.13). No significant differences between groups were Data are means Ϯ SE; n ϭ 5 for each group. Transmitter output Tb ϭ 20 and 37°C for vehicle and luzindole is shown. For the statistical analysis, P values were obtained with an ANOVA. *P Ͻ 0.05 was considered significant. Any parameter with a significant P value from the ANOVA was then subjected to a Tukey's honestly significant difference (HSD) test. Groups on the same row labeled with different letters are significantly different according to the Tukey's HSD test.
seen in the cerebral cortex, hippocampus, or brainstem; Fig. 3 , t-tests; n ϭ 5 per group; P ϭ 0.40 (cerebral cortex); P ϭ 0.55 (brainstem); and P ϭ 0.81 (hippocampus)].
Survival signaling. Previous work has shown that STAT3 phosphorylation on tyrosine-705 (P-STAT3[Y705]) is involved in protective melatonin receptor signaling (40) . Since the midarousal hypothalamus samples showed evidence of protection in the caspase-3 assay, we analyzed the luzindole-20 and vehicle-20 hypothalamus samples further for evidence of changes in STAT3 signaling. However, no significant differences were found in levels of P-STAT3[Y705] (t-test; n ϭ 5; P ϭ 0.62) or total STAT3 (t-test; n ϭ 5; P ϭ 0.88) between groups (Fig. 4) , suggesting that this signaling pathway is not involved in melatonin receptor-mediated protection during arousal from torpor.
Experiment 2: Hibernating
MT and Summer
MT Ground Squirrels
Mitochondrial respiration. In this set of experiments, we investigated the effect of luzindole administration on brain mitochondrial function during hibernation and in summer, a time when the ground squirrels are not hibernating and melatonin levels during the day would be essentially undetectable. Mitochondria were isolated from whole brains for these experiments. State 3 respiration rates were measured using three different substrates (G/M, SUC, and G3P) specifically designed to parse out different aspects of the ETS (see METHODS for details). Mitochondria from luzindole-treated animals had significantly lower state 3 respiration rates using SUC as a fuel during hibernation (Fig. 5A , t-test; n ϭ 5; P Ͻ 0.05), but not in the summer (Fig. 5B, t-test ; n ϭ 5; P ϭ 0.12). There were no significant differences between groups using G/M or G3P as a fuel in the Hibernating MT animals. State 3 respiration rates with G3P were significantly higher in the vehicle-treated animals in the Summer MT group (Fig. 5B) . Additionally, RCRs, used as an indicator of mitochondrial quality, were calculated for each group after respiration assay analysis. Luzindoletreated animals tended to have lower RCRs for all fuels during hibernation, but the effect was not significant (Table 2) .
Similar to the previous experiment, all Hibernating MT animals were torpid at the beginning of the experimental protocol and had similar preceding torpor bout lengths (Table 3) . Body temperature at collection (luzindole: 20.28 Ϯ 2.30°C; vehicle: 18.02 Ϯ 2.19°C) indicated that all Hibernating MT animals were midarousal at collection and there were no significant body temperature differences between groups (t-test; n ϭ 5 per group; P ϭ 0.49). Similarly, Summer MT animals had comparable starting and ending body temperatures (Table 3) . Mitochondrial membrane potential. The kinetics of proton leak were also determined for isolated brain mitochondria by the simultaneous measurement of membrane potential (⌬⌿ m ) and state 4 respiration rate. There was no significant change in maximum ⌬⌿ m or state 4 respiration rate between groups in either hibernation or summer, but the trend in hibernation was that luzindole-treated animals had a lower maximum ⌬⌿ m than vehicle-treated animals (Table 4 ; Fig. 6 ). The highest ⌬⌿ m shared between the two groups during hibernation was ϳ207 mV (Fig. 6) , and at this shared ⌬⌿ m , proton leak is higher in luzindole-treated animals compared with vehicle-treated animals. However, there was no significant change in proton leak rate at any of the shared ⌬⌿ m values, suggesting that proton permeability of the mitochondrial membrane did not change between luzindole and vehicle-treated animals in hibernation. The proton leak curves of the two experimental groups in summer look virtually identical (Fig. 6) , indicating that luzindole treatment had no effect. However, there does appear to be a clear seasonal change in proton kinetics between hibernation and summer in the brain (Fig. 6) .
DISCUSSION
This work investigated the effect of the competitive melatonin receptor antagonist luzindole on the physiological parameters of arousal, regulation of survival and apoptotic signaling, and optimal mitochondrial function in a hibernating mammal during arousal from torpor. Additionally, we investigated luzindole's effect on mitochondrial function in the summer, after completion of the hibernation season.
Melatonin Receptor Signaling Promotes Neuroprotection in Hypothalamus
In this work, we show an increase in caspase-3 activity in the hypothalamus during midarousal with luzindole treatment (Fig.  3) , indicating that melatonin receptor signaling is important to help quench apoptotic signaling during this time. Previous work showed that melatonin reduced caspase-3 activity through receptor-mediated mechanisms in cultured cells after induction of apoptosis (24, 25) . Another study showed that melatonin was protective against cytotoxicity in cultured cells, indicated by a reduction in caspase-3 activation and an enhancement in STAT3 phosphorylation (40) . Luzindole attenuated these protective effects in both cases, indicating that melatonin receptor signaling played an important role in orchestrating the protection. While we found no effect of luzindole treatment on levels of phosphorylated STAT3 (Fig. 4) , our midarousal caspase-3 activity results support this previous work. Interestingly, there is no longer a difference in caspase-3 activity between treatment groups in the hypothalamus at the full arousal endpoint (Fig. 3) . Overall caspase-3 activity levels are lower in the hypothalamus at the full arousal point, which is at the end of the physiological transition of arousal and could translate to a period of lower damage risk. It is possible that the longer amount of time to reach full arousal could have allowed enough time for the clearance of luzindole from the system, resulting in no difference between groups. It is also possible 
Respiratory control ratios are calculated as the state 3 respiration rate divided by the state 4 respiration rate. Data are means Ϯ SE and n for each group is provided. G/M, glutamate/malate; SUC, succinate; G3P, glycerol-3-phosphate. P Ͻ 0.05 with a Student's t-test was considered significant. There was no statistical significance between groups. t-test) . G/M, glutamate/malate. B: state 3 respiration rates during summer in brain mitochondria from animals treated with luzindole (gray) or vehicle (black). Vehicle-treated animals had significantly higher respiration rates with glycerol-3-phosphate (G3P; *P ϭ 0.0496, t-test). Number of animals (n) for each group is listed at the bottom of the respective bar. Error bars represent means Ϯ SE.
and likely that there are other protective mechanisms in place in the hypothalamus to help account for the missing melatonin receptor signaling.
Outside of the hypothalamus, luzindole treatment did not have a significant effect on caspase-3 activity in any other brain region. This suggests that the hypothalamus could be a specific target of melatonin receptor-mediated protection. The hypothalamus continues to show some level of activity throughout the transitions between torpor and IBA in hibernation (6) and therefore could be at more risk of damage, particularly during the arousal period. Melatonin-mediated neuroprotection in the hypothalamus may have specifically evolved due to the importance of the hypothalamus in regulating body temperature, food intake, and physiological rhythms, all important for the hibernation phenotype. It is also possible that other regions of the brain are protected through different mechanisms, like synaptic plasticity (37), and might not be prone to the same risk of injury. Previous work from our laboratory has shown regional differences in gene expression between the hypothalamus and the cerebral cortex (30) , particularly in terms of protection and survival signaling, supporting the possibility that protective melatonin receptor signaling could be localized to certain regions.
Another possibility for regional differences in protection could potentially be from the availability of luzindole in the brain. While melatonin levels in the cerebral spinal fluid are known to be high (28) , the luzindole administered in these experiments was intraperitoneal, and it is unknown whether luzindole would have reached all areas of the brain equally. However, previous effects of luzindole in the brain have been reported in mice administered intraperitoneally with a lower dose of luzindole (14, 36) . Additionally, our results from mitochondria isolated from the whole brain (Figs. 5 and 6 ) also support widespread availability of luzindole in the brain.
Melatonin Receptor Signaling Is Important For Optimal Mitochondrial Function
In addition to specifically protecting the hypothalamus during arousal from torpor, melatonin receptor signaling also appears to be important for optimal mitochondrial function in the whole brain during this time. Here, we report that disruption of melatonin receptor signaling during arousal from torpor results in decreased mitochondrial function, specifically including a significant decrease in the state 3 respiration rate of luzindole-treated animals when using SUC as a fuel. We also see a decrease in mitochondrial membrane potential with luzindole treatment, although this trend is not significant, potentially due to our small sample size.
Melatonin is known to protect mitochondria (1), which is particularly evident in research in animal models of neurological disorders. Treatment with melatonin ameliorated mitochondrial dysfunction associated with Alzheimer's disease by restoring membrane potential and respiration rates in young mice (9) . Luzindole partially blocked the ability of melatonin to restore mitochondrial function, indicating that melatonin receptors play a role in mitochondrial protection. Melatonin also slowed disease progression in a mouse model of Huntington's disease, and this study also showed that melatonin receptor expression decreased in Huntington's disease mice, suggesting that depletion of melatonin receptor signaling enhances the disease phenotype (39) . Additionally, previous work has shown that melatonin protects mitochondria by antagonizing apoptotic signaling, as mentioned previously, an effect that is reversed by luzindole (24) . Our work in the hibernator, which produces melatonin naturally during arousal from hibernation, supports this work by functionally demonstrating that disrupting melatonin receptor signaling upon arousal from torpor reduces mitochondrial function.
It is important to state that the effect of luzindole is seen in mitochondria isolated from the whole brain, not just the hypothalamus. It is possible that the effect of melatonin receptor signaling on whole brain mitochondrial respiration and membrane potential is not necessarily just to protect the mitochondria but to actually enhance and improve mitochondrial function during arousal in the brain, effectively allowing the hibernator's mitochondria to perform better than the mitochondria of a nonhibernating mammal in the same conditions. This idea is supported in part by the summer experiments, showing both that luzindole administration has no effect on mitochondrial function compared with vehicle and that the summer respiration rates and membrane potentials overall are lower than what is seen in hibernation (Figs. 5 and 6; Table 4 ). This is also supported by the ability of melatonin to restore mitochondrial function in a mouse model of Alzheimer's disease (9) . Additionally, previous work showed that melatonin administration stimulated mitochondrial respiration in rat brain (20) ; however, it is not known whether this effect is receptor mediated. Arousal is a very energy costly event (18) , requiring a lot of energy generated by the mitochondria. It is possible that melatonin production upon arousal from torpor functions to help the brain mitochondria work harder and more efficiently during a period of extreme energy need.
Natural vs. Forced Arousal in Hibernation
It is important to note that this experimental design, while using a natural model of extreme physiology and neuroprotection, promotes arousal from torpor in a relatively unnatural way. Every effort was made to make this experimental paradigm as natural as possible, for example, administering the treatments at the predicted end of a torpor bout when the animal would arouse naturally, keeping the temperature of the luzindole and vehicle treatments near the body temperature of the animal, and returning treated animals to their home cages and their normal laboratory environment for the arousal period. However, this arousal-type distinction is important. It is possible that a forced arousal could influence the molecular mechanisms of neuroprotection differently than a natural arousal. Importantly though, both luzindole-and vehicletreated groups followed the same experimental design, so that any effect of forced arousal would be the same in both groups.
We were interested in whether treatment would have an effect on arousal timing, specifically in how fast body temperature and heart rate increased. While there was no treatment effect on these physiological parameters of arousal, there was a significant difference in timing between the experimental forced arousals and natural arousals to IBA (Fig. 2) . The experimental arousals reported here occurred faster than natural arousals recorded in the same animals, in contrast to previous reports in another hibernating ground squirrel species (35) . However, the experimental protocol reported here involved intraperitoneal administration of luzindole or vehicle, rather than mild handling to trigger arousal reported previously, which could account for the difference in arousal time.
Perspectives and Significance
This work provides evidence for the importance of melatonin receptor signaling in neuroprotection and promotion of optimal brain function in hibernating mammals arousing from torpor. The protective effects of melatonin have been shown in many disease models, but this study provides an example of melatonin's protective role in a natural system. This provides important groundwork for future studies, particularly in investigating how this system is seasonally controlled and other specific signaling pathways that could be involved.
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